Abstract-For simulations of multiple-input multiple-output (MIMO) vehicle-to-vehicle (V2V) Rayleigh fading channels under more realistic non-isotropic scattering scenarios, we propose a new parameter computation method for the design of sum-ofsinusoids (SoS) simulation models. Compared with the existing relevant methods, the proposed method has the same simulation efficiency but provides a better approximation to the desired statistical properties of the theoretical reference model. Index Terms-SoS simulator, MIMO V2V fading channels, non-isotropic scattering, parameter computation methods.
propagation scenarios in general do not satisfy the isotropic scattering assumption [7] . Recently, a number of researches focused on the design of V2V deterministic SoS channel simulators for non-isotropic scattering channels [8] [9] [10] [11] .
Three parameter computation methods, i.e., the L p -norm method (LPNM) [8] and two different modified method of equal areas (MMEA) [9] - [10] based on the MEA [12] , have been developed for the design of non-isotropic V2V deterministic SoS channel simulators. Compared with the MMEA, the LPNM depends on numerical optimization techniques and thus has higher computational expenditure. On the other hand, neither of the two MMEAs can meet the accuracyefficiency design criteria that guarantee the designed SoS channel simulator to have the best accuracy-efficiency tradeoff [11] . Therefore, the development of new parameter computation methods that meet the accuracy-efficiency design criteria is desirable to facilitate the design and performance analysis of V2V systems for non-isotropic scattering environments.
In this letter, we propose a new parameter computation method, named as improved MMEA (IMMEA), for the design of multiple-input multiple-output (MIMO) V2V deterministic SoS channel simulators under non-isotropic scattering environments. The proposed IMMEA has the ability to meet the accuracy-efficiency design criteria. Simulation results show that compared with the existing MMEAs, the proposed IM-MEA provides better approximations to the desired statistical properties without scarifying any simulation efficiency.
II. THE THEORETICAL REFERENCE MODEL
In this letter, a double-bounce two-ring MIMO V2V geometry-based stochastic model is utilized as the theoretical reference model [7] . Suppose there are N 1 and N 2 effective scatterers around the transmitter (Tx) and receiver (Rx) lying on two rings of radii R T and R R , respectively. The distance between the Tx and Rx is D. The antenna element spacings at the Tx and Rx are δ T and δ R , respectively. The reasonable assumptions min{R T , R R } >> max{δ T , δ R } and D max{δ T , δ R } are used here. The multi-element antenna tilt angles are β T and β R . The Tx and Rx move with speeds υ T and υ R in directions determined by the angles of motion γ T and γ R , respectively. The angle of arrival (AoA) of the waves traveling from an effective scatterer at the Rx ring towards the Rx is denoted by φ (n2) R (n 2 = 1, ..., N 2 ) and the angle of departure (AoD) of the waves that impinge on an effective scatterer at the Tx ring is designated by φ
The MIMO fading channel can be described by an M R × M T matrix H (t) = [h pq (t)] MR×MT , where h pq (t) denotes the complex fading envelope process between the pth (p = 1, 2, ..., M T ) Tx and the qth (q = 1, 2, ..., M R ) Rx antenna elements and can be expressed by [7] 1089-7798/13$31.00 c 2013 IEEE
where
, f c is the carrier frequency, f Tmax = υ T /λ and f Rmax = υ R /λ are the maximum Doppler frequencies associated with the Tx and Rx, respectively, and λ = c/f c is the carrier wavelength with c denoting the speed of light. The phase ψ n1,n2 is a random variable uniformly distributed within [−π, π). It is assumed that φ
, and ψ n1,n2 are mutually independent. In (1), τ pq,n1,n2 = (ε pn1 + ε n1n2 + ε n2q )/c is the travel time of the waves from the Tx to the Rx with
Since the numbers N 1 and N 2 in (1) tend to infinity, the discrete expressions of the AoA φ can be replaced by the continuous expressions φ R and φ T , respectively. Without loss of generality, the von Mises probability density function (PDF) [13] is utilized to describe the distribution of AoA and AoD. It is defined as
is the zeroth-order modified Bessel function of the first kind, μ∈[−π, π) accounts for the mean value of the angle φ, and k (k ≥ 0) is a real-valued parameter that controls the angle spread of the angle φ. For k = 0 (isotropic scattering), the von Mises PDF reduces to the uniform distribution, while for k > 0 (non-isotropic scattering), the von Mises PDF approximates different distributions based on the values of k [13] . Applying the von Mises PDF to the AoA φ R and AoD
Under the wide sense stationary (WSS) condition, the spacetime correlation function (STCF) of the reference model can be expressed by [7] ρ
III. A NEW PARAMETER COMPUTATION METHOD FOR THE DETERMINISTIC SOS SIMULATION MODEL
The above theoretical reference model assumes infinite numbers of effective scatterers and thus cannot be used for simulations. Based on the proposed reference model, this section will design a deterministic SoS simulation model that has reasonable complexity, i.e., finite numbers of effective scatterers. Similar to (1), we can express the complex fading envelope process h pq (t) of the deterministic SoS simulation model as
where φ
are discrete AoAs and AoDs, respectively, which remain constant for different simulation trials due to the deterministic nature of the simulator. The phase ψ n1,n2 is a single realization of a random generator uniformly distributed over [−π, π). It is assumed that φ
, and ψ n1,n2 are independent.
A key issue on the design of the deterministic SoS simulation model is to find proper sets of AoA φ
and AoD φ
that make the simulator reproduce the desired statistical properties of the reference model as faithfully as possible with reasonable complexity. To this end, the following two accuracy-efficiency design criteria should be met.
1) Criterion 1: The discrete AoA and AoD should be designed in such a manner that they are distributed within a proper and complete range, in which the AoA/AoD carries all the necessary information for the design of a parameter computation method. For isotropic scattering environments, the proper and complete design range is [0, π/2) [5] . For non-isotropic scattering scenarios, the whole range [−π, π) is necessary for the proper design of the AoA/AoD [11] , i.e., φ
The discrete AoAs/AoDs must be disjoint or unique, i.e., φ
with n 1 = m 1 , where n 2 , m 2 = 1, 2, ..., N 2 and n 1 , m 1 = 1, 2, ..., N 1 .
As mentioned in [11] , it is not easy to find the sets of AoA and AoD to meet Criterion 2 for all non-isotropic scattering scenarios. Currently, two available MMEAs [9] , [10] cannot solve the difficulty in finding the proper sets of AoA and AoD to meet the aforementioned two accuracy-efficiency design criteria. Therefore, neither of the available MMEAs consistently outperforms the other one for all non-isotropic scattering MIMO V2V scenarios. This motivates us to propose a new parameter computation method, named as IMMEA, to solve this difficulty. For comparison purposes, we first give a brief description of these two existing MMEAs.
A. Existing MMEAs
Both existing MMEAs originate from the MEA [12] , which was designed for isotropic scattering scenarios. The first MMEA was proposed in [9] and is named as MMEA1 in this letter. The MMEA1 is designed to select the set of AoA in such a manner that the areas under the PDF f (φ R ) of the AoA in different ranges of φ where n 1 = 1, 2, ..., N 1 and φ T ∈ [−π, π) . If the mean angles μ R ≤ 0 and μ T ≤ 0, we have
where , π) , respectively, rather than over the whole range [−π, π), which violates Criterion 1 for non-isotropic scattering environments. Therefore, for μ R > 0 and μ T > 0, the performance of the MMEA1 should dramatically decrease, which will be demonstrated in Section IV. Note that as mentioned in [11] , the MMEA1 can meet the two accuracy-efficiency design criteria only when μ R =μ T =0.
The other MMEA was proposed in [10] and we name it as MMEA2, to distinguish from the MMEA1. The MMEA2 designs the AoA in such a manner that the areas under the PDF f (φ R ) of the AoA in different ranges of φ
are equal to each other with the initial condi-
N2 . Therefore, the AoA of the deterministic simulator is designed as
Similarly, the MMEA2 designs the AoD as
It is obvious that the MMEA2 chooses the value of 1/2 instead of 1/4 in the MMEA1. This is seemly inspired by the MEDS in [5] for the simulation of isotropic scattering V2V channels. However, the MMEA2 cannot meet Criterion 2 for all nonisotropic scattering MIMO V2V scenarios.
B. A New Parameter Computation Method -IMMEA
In the following, we will derive the IMMEA that has the ability to meet the two accuracy-efficiency design criteria for any non-isotropic scattering MIMO V2V channels. Taking the design of the AoA φ (n2) R as an example, the IMMEA includes the following three steps:
It follows a von Mises distribution having the same parameters, i.e., μ R and k R , as φ R ∈ [−π, π).
2) Then, we design the proper set of φ
where 
Similarly, the AoD can be designed by following the above 3 steps of the IMMEA. First, we define a random variable φ T over the range [μ T − π, μ T + π) fulfilling the von Mises distribution with the same mean angle μ T and parameter k T as the random variable φ T . The discrete realizations of the new defined random variable φ (n l ) T can then be designed as 
It is clear that the proposed IMMEA will reduce to the MMEA1 when μ R = μ T = 0 holds. Note that these three different MMEAs have completely different selected sets of AoA/AoD and thus express different simulation accuracy. Among them, only the proposed IMMEA can meet the accuracy-efficiency design criteria for any non-isotropic scattering MIMO V2V environments, i.e., for different von Mises distributions with any values of μ R , μ T , k R , and k T . Therefore, the IMMEA should outperform the MMEA1 and MMEA2, which will be demonstrated in Section IV.
Due to the deterministic nature of the proposed simulator, its STCF must be analyzed by using time averages rather than statistical averages, i.e., ρ hpq h p q (τ ) = h pq (t) h * p q (t − τ ) , where · denotes the time average operator. Substituting (3) into the above defined STCF and following the similar derivation procedure in [11] , we have
It can be shown that for {N 1 , N 2 } → ∞, the STCF of the deterministic simulation model tends to that of the reference model, i.e., lim N1,N2→∞ ρ hpq h p q (τ ) = ρ hpqh p q (τ ) holds.
IV. NUMERICAL RESULTS AND ANALYSIS
In this section, we investigate the performance of the proposed IMMEA-based deterministic SoS simulation model in terms of its STCF. Unless otherwise specified, all the results presented in this section were obtained using f c = 5.9 GHz,
, and N 1 = N 2 = 30 for the deterministic channel simulator.
Figs. 1 (a) and (b) present a comparison of the squared error ε of the STCF, defined as
for the deterministic simulation model using the MMEA1, MMEA2, and IMMEA for different non-isotropic scattering MIMO V2V scenarios. It is clear that the IMMEA outperforms the MMEA1 and MMEA2 for different non-isotropic scattering MIMO V2V scenarios. Comparing the MMEA1 and MMEA2, we can observe that neither of them consistently outperforms the other for all non-isotropic scattering MIMO V2V scenarios. This is due to the fact that neither the MMEA1 or MMEA2 has the ability to meet Criterion 2 for all nonisotropic scattering MIMO V2V scenarios as addressed in Section III. Since the IMMEA will reduce to the MMEA1 when μ T = μ R = 0 • , it is not surprising that the MMEA1 and IMMEA have the same performance in Fig. 1 (a) . Fig. 1 (b) also shows that the MMEA1 results in a relatively large squared error ε even in shorter time delays, which are of most interest for most communication systems [5] . This is because that the MMEA1 designs the AoD/AoA in a non-sufficient range when the mean AoD/AoA are larger than zero. In this case, the MMEA1 violates Criterion 1. N 2 = 30) . Moreover, due to the violation of Criterion 1, the MMEA1 has poor performance. Comparing Figs. 2 (a) and (b), we find that the increase of the antenna element spacings, i.e., δ T and δ R , increases the difficulty in approximating the desired STCF of the reference model.
V. CONCLUSIONS
In this letter, a new parameter computation method, named as IMMEA, for deterministic SoS simulation models has been proposed under the condition of non-isotropic scattering MIMO V2V Rayleigh fading channels. The proposed IMMEA is the first parameter computation method that has the ability to meet the accuracy-efficiency design criteria for all nonisotropic scattering MIMO V2V scenarios. Numerical results have shown that compared with existing MMEAs, the IMMEA provides the same efficiency, while it offers better approximations to the STCF of the reference model.
